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introduction
Relative to natural aquatic systems, acidic pit lakes
have a water chemistry mainly dominated by iron
and sulfur and greater depth:area ratios, reduced
bankside stability and very limited bankside veg-
etation (Castro and Moore 2000; McCullough
2008). All these factors reduce the pit lake’s water
quality and biodiversity and slow the establish-
ment of a functioning ecosystem. Poor water qual-
ity in acidic pit lakes may limit realisation of
environmental beneficial end uses which might
be otherwise possible (McCullough et al. 2009)
and may pose an environmental hazard to
groundwater and nearby aquatic and terrestrial
ecosystems (McCullough and Lund 2006).
Acidic pit lakes are often oligotrophic to ultra-
oligotrophic due to low concentrations of nutri-
ents such as carbon and phosphorus (Nixdorf et
al. 2001; Lessmann et al. 2003). Nutrients are re-
quired to sustain algal primary productivity
which is fundamental for the ecological structural
and functional components of the pit lake ecosys-
tem. However, in acidic pit lakes phosphorus un-
availability often strongly limits algal primary
productivity. Although phosphorus is highly sol-
uble in low pH pit lakes phosphorus may co-pre-
cipitate with elevated concentrations of iron and
aluminium limiting bioavailability (Lessmann et
al. 2003; Lund and McCullough 2009). Acidic pit
lakes are often deficient in nitrate/nitrite concen-
trations as nitrogen typically remains as ammo-
nia due to limited nitrification at low pH (Nixdorf
et al. 2001). Availability of organic carbon (for
mixotrophs) is also often limited.
Although nutrient availability in acidic pit
lakes appears to be limiting primary production,
it is not clear whether the acidity, water toxicity or
nutrient limitation; or a combination of all; are
the impediments (Woelfl et al. 2000; Neil et al.
2009). Additionally, sediment in lakes can alter nu-
trient availability by adsorptive processes (Klee-
berg and Grüneberg 2005; Simmons 2010) and
may therefore influence the net outcome of any
nutrient addition treatment especially in shallow
acidic pit lakes. The wide range of pit lake depths
and areas means that pit lakes will differ in vol-
ume: sediment area ratios. Determining the effect
of sediment on the nutrient dynamics in acidic pit
lakes and algal primary productivity would there-
fore provide information on the important rela-
tionship between lake depth and nutrient
availability. The present microcosm study is de-
signed to evaluate the effects of nutrient amend-
ments individually or in combination, presence
or absence of sediment, and effect of chemical
neutralisation on enhancing biomass of naturally
present algae. The major aim of this study was to
determine the limiting factor(s) for algal primary
productivity in an acidic pit lake rather than track-
ing the water quality improvement.
methods
Study site description
In Western Australia (WA), coal mining is a signifi-
cant industry and is based in Collie (Kumar et al.
2009). The Collie coal region, in the south-west of
WA, accounts for the whole of coal production for
the state. All coal is extracted by open cut mining.
Coal mining in the Collie region has resulted in 13
pit lakes that range from <0.1–1.0 km² in surface
area, <10–70 m in depth, 5–50 years in age, in pH
from 2.4–5.5 and vastly differ in the extent of re-
habilitation (Lund and McCullough 2008; McCul-
lough et al. 2010). Acidic pit lakes in Collie are
typically not light limited (McCullough et al. 2010)
with euphotic depths extending past their maxi-
mum depths, however they are oligotrophic and
algal biomass is negligible. This makes the acidic
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pit lakes in Collie an excellent site to investigate
strategies for enhancing algal biomass produc-
tion. Lake Kepwari (33.36°S, 116.15°E) is the largest
of the Collie pit lakes. Lake Kepwari was rapid-
filled by a diversion of first-flush saline water from
the south branch of the Collie River from 1999 to
2005 (Salmon et al. 2008) and the volume is now
≈ 0.025 km³, with a maximum depth of 65 m and
surface area of 1.03 km². Although neutral river
water initially raised the lake water pH, the lake
pH is now low (≈ 4, author’s unpublished data)
and appears to be still decreasing.
Water and sediment sampling
Water samples were collected from the epil-
imnion of Lake Kepwari in several 20 L clean car-
boys for the microcosm experiment in September
2010. Sediment samples were collected in acrylic
cores by scuba divers. Water and sediment sam-
ples were returned to the laboratory on the same
day and allowed to equilibrate to room tempera-
ture (22 °C). The microcosm experiment was com-
menced within 24 h of pit lake water and
sediment collection.
Microcosm experiment
Two sets of microcosms in 2.5 L plastic jars were
prepared; one set had pit lake sediment added to
a depth of 20 mm and the other set contained
only acidic pit lake water. All the microcosms were
amended with nutrients both individually for
each nutrient and in all combinations. Nutrients
(C as glucose for organic carbon 10 mg/L, N as ni-
trate 1.5 mg/L and P as phosphate 0.09 mg/L) were
added stoichiometrically following the Redfield
ratio (C:N:P, 106:16:1) (Redfield and Ketchum 1963).
Two different controls were used throughout the
experiment. In both the controls, no nutrients
were added, however, acidic mine water was neu-
tralised in one control using 0.1 N NaOH to facili-
tate the increase of dissolved inorganic carbon
concentration through development of a bicar-
bonate buffering system at circum-neutral pH
(Wetzel and Likens 2000). All the treatments and
controls were carried out in triplicate, with ran-
domised placement at a temperature of 22 °C and
maintained under artificial lighting (18,000 K)
with a light:dark cycle (12 h:12 h).
analysis
A vertical profile of physico-chemical data was col-
lected in September 2010 in Lake Kepwari. A Data-
sonde 4a (Hydrolab, USA) was used to measure pH,
oxidation reduction potential (ORP, platinum ref-
erence electrode, mV), electrical conductivity (EC,
mS/cm) and dissolved oxygen (DO, mg/L) at 2 m
intervals top to bottom. Water samples from the
epilimnion and hypolimnion were also collected
using a Kemmerer bottle for nutrients, anions and
metals analysis. Acidity was measured in the lab-
oratory on an auto-titrator (Metrohm, Switzer-
land) using 0.1 N NaOH as titrant.
Physico-chemical measurements from the mi-
crocosm experiments were taken on Day 1 and fi-
nally at the end of the experiment on Day 35. A
multi-parameter probe (Hydrolab Datasonde 4a)
was used for the physico-chemical measurements,
recording temperature, pH, EC, DO and ORP. At the
end of the experiment water samples from the mi-
crocosms were filtered using 0.45 µm glass fibre
(GFC) filter paper for chlorophyll a analysis follow-
ing the N,N-Dimethylformamide (DMF) method
(Speziale et al. 1984). Before filtering the water
samples, the microcosm walls were scrubbed with
a fine brush to remove algal biomass. A similar
procedure was followed for the microcosms with
sediment where benthic algae on the top of the
sediment layers were scraped in to 50 mL
polypropylene centrifuge tubes. Chlorophyll a
concentrations were used to assess the algal bio-
mass as influenced by the different nutrient treat-
ments.
results and Discussion
There were few differences between pH, ORP, tem-
perature and EC throughout the lake water col-
umn indicating that the lake was well mixed (Fig
1). Although September in south-western Aus-
tralia is early spring time, lake temperatures were
still low enough to permit mixing of the lake
water column. Lake Kepwari nutrients, metals and
acidity concentrations are shown in Table 1. Al-
though high EC in Lake Kepwari is typical of many
Australian pit lakes (Kumar et al. 2009), the high
EC is largely due to the saline first-flush from the
Collie River that was used to rapid-fill the pit void
(Salmon et al. 2008). Lake Kepwari is mainly an
aluminium buffered system with acidity inputs
from aluminium cycling and groundwater iron in-
puts (Salmon et al. 2008). Uncharacteristic of
most acid mine drainage influenced pit lakes, Col-
lie pit lakes have only low acidity, low sulfate and
metal concentrations (Lund et al. 2006). Such un-
characteristic water quality is mainly due to the
low sulfur concentrations in the coal combined
with very low buffering from surrounding geolo-
gies (Sappal et al. 2000).
pH increased in all the treatment and control
microcosms irrespective of the sediment’s pres-
ence or absence (Fig 2 a, b). However, microcosms
without sediment showed slightly higher pH than
those containing sediment. Microcosms with sed-
iment generally showed a ≈ 0.6 pH unit increase
from the initial values regardless of the nutrient
treatment. Alternatively, microcosms without sed-
iment showed a mixed pH increase depending on
the nutrient treatment applied. For instance, mi-
crocosms amended with C, N & P showed a maxi-
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Figure 1 Vertical profiles of
Lake Kepwari for pH, ORP,
temperature and EC (Data
from September 2010).
Table 1 Nutrients, anions,
metals/metalloids and acid-
ity concentrations in water
samples from the epil-
imnion and hypolimnion of
Lake Kepwari (Data from
September 2010). All the val-
ues are in mg/L except for
acidity.
Parameter Epilimnion Hypolimnion 
Total Nitrogen 0.9 0.8 
NOx–N 0.5 0.5 
NH4–N 0.04 0.04 
PO4 <0.002 <0.002 
Chloride 850 780 
Sulfate 210 180 
DOC 1.7 3.5 
Total Carbon 1.8 3.7 
Al 1.8 1.8 
Ca 37 37 
Co 0.1 0.1 
Cr 0.01 0.02 
Fe 0.5 0.6 
K 6.6 6.5 
Mg 115 120 
Mn 0.4 0.4 
Na 470 480 
Ni 0.1 0.2 
S 63 64 
Zn 0.8 0.8 
Acidity mM (KB 8.2) 0.3 0.3 
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mum increase of 1.5 pH units, with final pH 5.0
from an initial pH of 3.5, whilst microcosms
amended with P alone showed a 1.1 pH unit in-
crease. The slightly higher pH increase observed
in microcosms without sediment than with sedi-
ment could be because sediment had served as a
sink, adsorbing some of the added nutrients. Sim-
ilar results have been reported for loss of
amended P from the water column to sediments
during a mesocosm study due to binding of P
with dissolved Al (Neil et al. 2009).
ORP in the acidic pit lake water was around 400
mV, indicative of highly oxic conditions
favourable for acidity-generating processes of bio-
geochemical iron and sulfur oxidation. ORP de-
clined slightly in all the microcosms (Fig 2 c, d)
following the nutrient treatments, with ORP re-
duction slightly higher in microcosms without
sediment. DO almost doubled in all nutrient treat-
ments and controls (Fig 2 e, f). However, there
were only slight differences between the increases
recorded in microcosms with and without sedi-
ment. At the end of the experiment, EC had also
declined slightly in all the microcosms (Fig 2 g, h);
it was slightly greater in microcosms without sed-
iment than with. Electrical conductivity decreases
correlated well with the pH increases recorded,
most likely due to solute precipitation at elevated
pH (Kumar et al. 2011).
The changes in physio-chemical parameters in
the control were similar to all the treatments, il-
lustrating that the algal growth had not obviously
resulted in water quality improvements. The
water in the controls was isolated (compared to
the lake) from incoming sources of acidity. This
coupled with some algal growth and potential
binding of solutes to the microcosm container
probably explain the changes seen. Over a longer
treatment time, the nutrient treatments may
have improved the overall water quality, as en-
hancing algal primary productivity in acidic pit
lakes is known to improve the water quality with
time (Davison et al. 1995; Dessouki et al. 2005).
Nutrient amendments failed to increase algae
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Figure 2 Mean (n = 3, ± standard deviation) changes in (a & b) pH, (c & d) ORP, (e & f) dissolved oxygen
and (g & h) E.C. in microcosms with sediment and without sediment following nutrient addition treat-
ments.
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in the water column with the majority of algal bio-
mass occurring on microcosm sides and bottom;
irrespective of sediment presence. Controls with
and without sediment showed little algal biomass
(Fig 3). Microcosms which were chemically neu-
tralised failed to demonstrate increased algal bio-
mass indicating that nutrients were also required
in addition to a neutral pH. Carbon and nitrogen
treatments, with or without sediment, did not sig-
nificantly increase the algal biomass either indi-
vidually, or when added in combination. However,
P alone was able to increase algal biomass as indi-
cated by the high chlorophyll a concentrations in
microcosms without sediment but P in micro-
cosms with sediment was not able to enhance
algal biomass. This may have implications for shal-
low acidic pit lakes where the high sediment sur-
face area: water volume relationship may result in
greater nutrient removal and consequently lower
algal biomass able to be achieved.
The most likely reason for reduced algal bio-
mass in microcosms with sediment is that P
added was lost from the water column by adsorp-
tion onto sediment through co-precipitation with
Al and Fe as oxyhydroxides (Kleeberg and
Grüneberg 2005; Nixdorf et al. 2005). Similar in-
significant increases in algal biomass were also
recorded in microcosms where P was added with
C. However, when P was combined with N, the
treatment seemed to be highly favourable for
algal growth, as indicated by the higher chloro-
phyll a concentrations. The treatments, where all
the nutrients were added (C, N, P) showed slightly
lower chlorophyll a concentrations than with N &
P combination. Fyson et al. (2006) have also re-
ported similar results of algal biomass improve-
ment in acidic pit lake water following
amendments with phosphate and acetate.
conclusions
The present study showed that simple nutrient ad-
ditions, especially P, were able to increase algal bio-
mass in acidic pit lake water. The results also
showed that sediment can decrease nutrient avail-
ability to algae by acting as a nutrient sink. As a re-
sult, where nutrient additions are considered as a
strategy to improve algal biomass, shallow pit
lakes may require greater and more frequent nu-
trient additions. Deep pit lakes therefore appear
to be more appropriate for nutrient amendments
to enhance algal biomass. This study was also able
to highlight that nutrient limitation, rather than
metal toxicity and/or water pH, are the primary
limitations to algal biomass in the moderately
acidic Collie pit lakes.
acknowledgements
The authors thank the financial support provided by
the Australian Coal Association Research Program
(ACARP) through a research grant (C19018). We would
also like to thank our industry partner Wesfarmers
Premier Coal for their support and mine site access,
particularly Dr. Digby Short. Thanks also to Mr. Clay
Millar at the School of Natural Sciences, Edith Cowan
University, Australia for technical assistance.
references
Castro JM, Moore JN (2000) Pit lakes: their character-
istics and the potential for their remediation. En-
viron Geol 39: 1254–1260
Davison W, George DG, Edwards NJA (1995) Con-
trolled reversal of lake acidification by treatment
with phosphate fertilizer. Nature 377: 504–507
Dessouki TCE, Hudson JJ, Neal BR, Bogard MJ (2005)
Aachen, Germany IMWA 2011“Mine Water – Managing the Challenges”
Rüde, Freund & Wolkersdorfer (Editors) 527
Figure 3 Mean (n=3, ± stan-
dard deviation) increase in
chlorophyll a concentration
with different nutrient
treatment in microcosms
with and without sediment.
Data for chlorophyll a pre-
sented is the total concen-
tration in the microcosms.
Proceedings_Theme_08_Proceedings IMWA 2011  22/08/2011  1:48 AM  Page 527
The effects of phosphorus additions on the sedi-
mentation of contaminants in a uranium mine
pit-lake. Water Res 39: 3055–3061
Fyson A, Nixdorf B, Kalin M (2006) The acidic lignite
pit lakes of Germany - microcosm experiments on
acidity removal through controlled eutrophica-
tion. Ecol Eng 28: 288–295
Kleeberg A, Grüneberg B (2005) Phosphorus mobility
in sediments of acid mining lakes, Lusatia, Ger-
many. Ecol Eng 24: 89–100
Kumar RN, McCullough CD, Lund MA (2009) Water
resources in australian mine pit lakes. Mining
Technology 118: 205–211
Kumar RN, McCullough CD, Lund MA (2011) How does
storage affect the quality and quantity of organic
carbon in sewage for use in the bioremediation of
acidic mine waters? Ecol Eng 37: 1205–1213
Lessmann D, Fyson A, Nixdorf B (2003) Experimental
eutrophication of a shallow acidic mining lake
and effects on the phytoplankton. Hydrobiologia
506—509: 753–758
Lund MA, McCullough CD (2008) Limnology and
ecology of low sulphate, poorly-buffered, acidic
coal pit lakes in Collie, Western Australia. Proceed-
ings of the 10th International Mine Water Associ-
ation (IMWA) Congress. Karlovy Vary, Czech
Republic. 591–594 pp.
Lund MA, McCullough CD (2009) Biological remedi-
ation of low sulphate acidic pit lake waters with
limestone pH neutralisation and nutrients. Pro-
ceedings of International Mine Water Conference.
Pretoria, South Africa IMWA, 519–525 pp.
Lund MA, McCullough CD, Yuden (2006) In-situ coal
pit lake treatment of acidity when sulfate concen-
trations are low. Proceedings of the 7th Interna-
tional Conference on Acid Rock Drainage (ICARD).
St Louis, Missouri, USA. Barnhisel, R. I. (ed.) Amer-
ican Society of Mining and Reclamation (ASMR),
1106–1121 pp.
McCullough CD (2008) Approaches to remediation of
acid mine drainage water in pit lakes. Int J Mining
Reclam Environ 22: 105–119
McCullough CD, Hunt D, Evans LH (2009) McCul-
lough CD, Hunt D, Evans LH (eds.) Social, Eco-
nomic, and Ecological End Uses – Incentives,
regulatory requirements and planning required
to develop successful beneficial end uses. Work-
book of Technologies for the Management of
Metal Mine and Metallurgical Process Drainage
Society for Mining Engineering (SME), Kentucky,
USA.
McCullough CD, Lund MA (2006) Opportunities for
sustainable mining pit lakes in Australia. Mine
Water Environ 25: 220–226
McCullough CD, Lund MA, Zhao LYL (2010) Mine
Voids Management Strategy (I): Pit lake resources
of the Collie Basin. Department of Water Project
Report MiWER/Centre for Ecosystem Manage-
ment Report 2009—14, Edith Cowan University,
Perth, Australia. 250 pp.
Neil LL, McCullough CD, Lund MA, Tsvetnenko Y,
Evans L (2009) Toxicity assessment of acid mine
drainage pit lake water remediated with lime-
stone and phosphorus. Ecotoxicol Environ Saf 72:
2046–2057
Nixdorf B, Fyson A, Krumbeck H (2001) Review: plant
life in extremely acidic waters. Environ Exp Bot
46: 203–211
Nixdorf B, Lessmann D, Deneke R (2005) Mining lakes
in a disturbed landscape: application of the EU
Water Framework Directive and future manage-
ment strategies. Ecol Eng 24: 67–73
Redfield AC, Ketchum BH (1963) The influence of or-
ganisms on the composition of seawater. In, The
Sea, Hill, M. N. (ed.) Wiley Interscience, New York,
USA, 26–79 pp.
Salmon SU, Oldham C, Ivey GN (2008) Assessing in-
ternal and external controls on lake water quality:
limitations on organic carbon-driven alkalinity
generation in acidic pit lakes. Water Resour Res
44: W10414
Sappal K, Zhu ZR, Rathur Q , Hodgkin T (2000) Sub-
surface geology, hydrogeological and geochemical
analysis of the Ewington Open Cut No 2 lake area,
Collie Basin. Final void water quality enhance-
ment, summary and conclusions ACARP Project
Number C8031 report, Perth. 11–68 pp.
Simmons JA (2010) Phosphorus removal by sediment
in streams contaminated with acid cine drainage.
Water, Air, Soil Poll. 209: 123–132
Speziale BJ, Schreiner SP, Giammatteo PA, Schindler
JE (1984) Comparison of N,N-Dimethylformamide,
Dimethyl sulfoxide, and acetone for extraction of
phytoplankton chlorophyll. Can J Fish Aquat Sci
41: 1519–1522
Wetzel RG, Likens GE (2000) Limnological analyses.
3rd edn, Springer, New York.
Woelfl S, Tittel J, Zippel B, Kringel R (2000) Occur-
rence of an algal mass development in an acidic
(pH 2.5), iron and aluminium-rich coal mining
pond. Acta hydrochim. hydrobiol. 28: 305–309
IMWA 2011 Aachen, Germany“Mine Water – Managing the Challenges”
Rüde, Freund & Wolkersdorfer (Editors)528
Proceedings_Theme_08_Proceedings IMWA 2011  22/08/2011  1:48 AM  Page 528
